Direct numerical simulation (DNS) of spatially developing turbulent boundary layer with uniform blowing or suction is performed aiming at skin friction drag reduction. The Reynolds number based on the free-stream velocity and the 99% boundary layer thickness at the inlet is set to be 3000. A constant wall-normal velocity is applied on the wall in the range, −0.
Introduction
The reduction of skin friction drag in turbulent flows is of great importance for mitigating their environmental impact, in particular for reducing fuel consumption in major transportation systems such as aircrafts, trains, and ships. Despite the extensive research conducted, a practical method for skin-friction drag reduction is still being explored.
A variety of ideas for skin-friction drag reduction have been examined, especially since the late 1980s following the emergence of direct numerical simulation of wall-bounded turbulent flow (Kim, Moin & Moser 1987) . These studies have recently been reviewed, e.g. by Kim (2003) on feedback control schemes, Kim & Bewley (2007) on the linear control theory, Kasagi, Suzuki & Fukagata (2009) on hardware and practical control schemes, and White & Mungal (2008) for friction drag reduction by polymer additives.
Most of the previous numerical studies on friction drag reduction have dealt with internal flows such as a channel flows (see e.g. Kim (2003) ; Kim & Bewley (2007) ; and references therein). A theoretical framework is also better established for internal flows: for instance, we now know the mathematical relationship between the Reynolds stress and friction drag (Fukagata, Iwamoto & Kasagi, 2002) and the theoretical limit of active friction drag reduction control for flows in a plane channel (Bewley 2009) and in arbitrary ducts (Fukagata, Sugiyama & Kasagi 2009) . No such limit is currently known for external flows, however, as stated in the recent review by Choi, Jeon & Kim (2008) .
In comparison to channel flows, far fewer studies have been reported for spatially developing boundary layers, even though practical friction drag reduction control should be targeted at external flows (since in internal flows, a slight increase in pipe diameter is sufficient to significantly reduce the pumping power). Park & Choi (1999) , Kim, Sung & Chung (2002) and Kim, Kim & Sung (2003) performed DNS with steady blowing or suction from a spanwise localized slot. They concluded that blowing reduces the skin friction drag and suction increases it; blowing shifts the turbulence away from the wall and enhances it and suction has the opposite effect. Recently, Pamiès, Garnier, Merlen & Sagaut (2007) performed large eddy simulations (LES) of a spatially developing turbulent boundary layer using the opposition control of Choi, Moin & Kim (1994) . They also examined the case of uniform blowing in combination with opposition control. A larger drag reduction than that of opposition control alone was achieved.
Shear flows can be effectively modified by uniform blowing (UB) and uniform suction (US) from the wall, as exemplified by the film cooling used for turbine blades and slotted wings. Uniform blowing is also attractive as a means of reducing skin friction drag, as illustrated by the results of Pamiès et al. (2007) mentioned above. The modification of turbulence by UB and US has been studied in detail by Sumitani & Kasagi (1995) using direct numerical simulation (DNS) of turbulent channel flow. They found that the Reynolds stress increases on the blowing side and decreases on the suction side; by contrast, the friction drag reduces on the blowing side and increases on the suction side. This somewhat peculiar trend (also found in the blowing/suction slot case by Park & Choi (1999) ) was explained by an identity equation between the Reynolds stress and the friction drag . This identity equation (hereafter referred to as the FIK identity and described in detail in the next section) was applied to the Sumitani & Kasagi (1995) case and revealed the following mechanism: on the blowing side, where the Reynolds stress is increased, convection due to the mean wall-normal velocity contributes to drag reduction; the opposite was found on the suction side.
Since the upper boundary is open, one may have effects of UB or US somewhat different from those in channel flows, which is also expected from the difference between an uncontrolled channel flow and a spatially developing boundary layer (Monty, Hutchins, Ng, Marusic & Chong 2009) . Clarifying how turbulence is modified by UB or US in external flow is also an important step toward their practical application.
In the present study, DNS of a spatially developing boundary layer is performed with uniform blowing (UB) or uniform suction (US). The mechanism of drag reduction or augmentation is investigated by using the FIK identity, and the control efficiency is discussed using efficiency indices (i.e. drag reduction rate, R, gain, G, and net energy saving rate, S), all defined in the next section. derived an exact mathematical relationship (FIK identity) between the Reynolds shear stress and the skin friction coefficient in fully developed channel † and pipe flows, and in spatially developing boundary layers. The FIK identity decomposes the friction coefficient into different dynamical contributions. The FIK identity (and some extended variants) has been used for quantifying the contribution of Reynolds † For channel flow, Bewley & Aamo (2004) Figure 1 . Schematic of control efficiency stress to skin friction in incompressible flows and compressible flows (Gomez, Flutet & Sagaut 2009 ) and quantitatively discussing the drag reduction mechanism by e.g. active control (Fukagata & Kasagi 2003) , riblets (Peet & Sagaut 2009 ), addition of polymer or surfactant (Yu, Li & Kawaguchi, 2004; Hou, Somandepalli & Mungal 2008) and microbubbles (Xu, Dong, Maxey & Karniadakis 2007; Sugiyama, Calzavarini & Lohse 2008) . Furthermore it has been used for designing new control schemes (Fukagata & Kasagi 2004; Min, Kang, Speyer & Kim 2006 ) and proposing a new scaling law and a new experimental friction determinination technique for boundary layer (Hou, Somandepalli & Mungal 2006; Mehdi & White 2011) . For the spatially developing plane turbulent boundary layer, the local skin friction coefficient c f is decomposed into four different dynamical contributions: the contributions from boundary layer thickness, c δ , Reynolds shear stress, c T , mean convection, c C , and spatial development, c D , i.e. 
Definitions of quantitative measures

Decomposition of friction drag
c f (x) = 4(1 − δ d ) Re δ c δ (x) +2 ∫ 1 0 2(1 − y) ( −u v ) dy c T (x) +2 ∫ 1 0 2(1 − y) (−U V ) dy c C (x) −2 ∫ 1 0 (1 − y) 2 ( ∂U U ∂x + ∂u u ∂x − 1 Re ∂ 2 U ∂x∂x ) dy c D (x) ,(2.
Control efficiency
In practical applications, it is not enough to consider only the level of friction drag reduction. One must also consider the efficiency of control. Considering only an ideal control input (viz. neglecting any mechanical energy loss in actuators/sensors), the drag reduction rate, R, gain, G, and net energy saving rate, S can be defined as (see e.g. Kasagi, Hasegawa & Fukagata 2009 ) 
and
where W 0 and W are the pumping powers in the uncontrolled and controlled cases, respectively and W in denotes the power of the (ideal) control input. A schematic of the relationship between R and S is illustrated in figure 1.
Numerical Procedure
The governing equations are the incompressible continuity and Navier-Stokes equations i.e.
∂u i ∂x i = 0 (3.1)
where x i (i = 1, 2, 3) are the Cartesian coordinates and u i are the corresponding velocity components. All variables are non-dimensionalized by the free-stream velocity U ∞ and the 99% boundary layer thickness at the inlet of the computational domain δ 0 . The Reynolds number is defined as Re = U ∞ δ 0 /ν, where ν is the kinematic viscosity. The direct numerical simulation code is based on a channel flow code developed by Fukagata, Kasagi & Koumoutsakos (2006) , which was itself adapted from a pipe flow code . The spatial discretization uses the energy-conservative secondorder finite difference scheme (e.g. Ham, Lien & Strong 2002) . The time integration uses the low-storage third-order Runge-Kutta/Crank-Nicolson scheme (e.g. Spalart, Moser & Rogers 1991) .
The computational domain is composed of two regions: a driver region and a main region, as shown in figure 2. The recycle method of Lund, Wu & Squires (1998) is used in the driver region to generate the inflow condition.
In both the driver and main regions, the upper boundary conditions for the streamwise velocity, u, the wall-normal velocity, v and the spanwise velocity, w, are set to be ∂u/∂y = ∂v/∂y = 0 and w = 0. On the wall, the no-slip condition is applied in the driver region, while in the main region uniform blowing or suction velocity v = V ctr is added.
The convective boundary condition is applied at the downstream end of each computational domain, i.e.
where · denotes the average in the homogeneous (i.e., spanwise) direction. The pressures at the inlet and outlet boundaries are given by the Navier-Stokes characteristic boundary condition (NSCBC) of Miyauchi, Tanahashi & Suzuki (1996) ,
where ω z denotes the spanwise vorticity. It is known that this boundary condition considerably suppresses the unphysical pressure near the inlet and outlet that appears when an ordinary Neumann condition is used. The streamwise, wall-normal and spanwise lengths of the driver and main regions are In this study, the Reynolds number Re = U ∞ δ 0 /ν is set to be 3000, which corresponds to an inlet friction Reynolds number of Re τ 0 = u τ δ 0 /ν 160, where u τ is the friction velocity. The grid spacings in the streamwise and spanwise directions (in wall units) are ∆x +0 = 8.83 and ∆z +0 = 3.93, respectively, where the superscript +0 denotes the wall unit based on the friction velocity at the inlet of the main part. The minimum grid spacing in the wall-normal direction is ∆y +0 = 0.47 and the maximum spacing is ∆y +0 = 6.67. The statistics are gathered over a time period of T +0 ≈ 4000. The start of this time period is well after a statistical steady state has been reached.
Results and Discussion
Base flow
The spatial development of the boundary layer is presented in figure 3 . Figure 3(a) shows the spatial development of the momentum thickness Reynolds number Re θ = U ∞ θ/ν; the displacement thickness Re d = U ∞ δ d /ν, and the shape factor H in the uncontrolled turbulent boundary layer. The momentum thickness and the displacement thickness are both developing in the downstream direction. Moreover, a negative gradient of for the shape factor indicates that the momentum toward the wall due to the turbulent transport increases as the Reynolds number increases. The boundary layer thickness develops from δ 0 at the inlet to about 1.5δ 0 at the downstream end. The development of the local skin friction coefficient, c f = 2τ w /ρU 2 ∞ , is presented in figure 3 (b) as a function of Re θ . A slight deviation from the power law-based formula (Schoenherr 1932) ,
is found, and this is likely due to the low Reynolds number. A similar deviation has also been reported in Kong, Choi & Lee (2000) . The velocity statistics at several streamwise locations are presented in figure 4. Figure 4(a) shows the mean velocity profile at Re θ = 530 and 700. In the regions near the wall, the profile is in reasonable agreement with the DNS result of Wu & Moin (2009) at Re θ = 700. figure 4(c) . As the Reynolds number increases, the peak value of RSS becomes larger and the location of the peak shifts away from the wall, while there is almost no difference in the VSS profiles.
Some difference can be found between the present results and those of Wu & Moin (2009) . Namely, U , u rms and −u v are slightly larger in the present simulation. These differences may be attributed to the difference in the upstream conditions. The recycle method is used in the present simulation, which assumes a fully developed turbulence. In Wu & Moin (2009) , in contrast, a transition from laminar boundary layer is reproduced, due to which the flow at this Re θ appears still transitional (see Appendix A). In addition, the difference may also be attributed to the difference in the grid resolution: ∆x +0 = 8.83 and ∆z +0 = 3.93 in the present simulation, while ∆x +0 = 5.91 and ∆z +0 = 11.13 in 
Uniform blowing or suction
In the present study, the magnitude of uniform blowing (UB) or suction (US) is set to be 0.1%, 0.5%, or 1.0% of freestream velocity. A transition zone is placed at 0 x π, in which the control amplitude is gradually increased by using a hyperbolic tangent function as shown in Fig. 5 (see Appendix A for more detail). The effect of UB/US on the spatial development is presented in figure 6 . It is found from the development of momentum thickness in figure 6(a) that UB thickens the boundary layer, while US thins it. The magnitude of both effects depends on the amplitude of UB/US. The shape factor H shown in figure 6(b) indicates that UB increases H and US decreases it. UB (US) works to push (pull) the mean velocity profile away from (toward) the wall, leading to the effects observed above as if the Reynolds number is increased by UB and decreased by US. An interesting observation in the UB case is that the shape factor increases in the downstream region, since the shape factor usually decreases as the Reynolds number increases.
The local friction coefficient c f shown in figure 6(c) clearly indicates that UB reduces the friction drag, while US enhances it. This is basically due to the modification of the mean velocity profile as shown in figure 7(a) ; it is shifted away from the wall by UB, but shifted toward the wall by US. Note that the quantities shown in figure 7 are non-dimensionalized by the local friction velocity of the uncontrolled flow at the same streamwise position (denoted by the superscript +nc). Profiles of the viscous and Reynolds shear stresses shown in figure 7(b) indicate that UB (US) reduces (enhances) the viscous shear stress, but enhances (reduces) the Reynolds shear stress. This opposite effect, which is counterintuitive, is similar to that observed in a channel flow with UB on one wall and US on the other wall (Sumitani & Kasagi 1995) .
Here, the global skin friction drag coefficients, C f , is defined as
The drag reduction rate, R, as introduced in §2.2 is expressed by using the global friction coefficients as
where C f,nc , C f,ctr and L ctr denote the friction coefficients of the flow with and without blowing/suction and the streamwise length of the computational domain, respectively. Figure 8 shows the drag reduction rate, R, as a function of wall-normal velocity applied on the wall, V ctr . It is found that increasing the amplitude of uniform blowing or suction results in larger drag reduction or drag augmentation, respectively. In addition, the relationship between the drag reduction rate, R, and the control amplitude is found to be nonlinear.
The instantaneous flow structures are shown in figure 9 by the the second invariant of the deformation tensor Q +0 and the wall shear stress τ +0 w . Compared to the uncontrolled case, vortices are enhanced in the UB case in spite of the reduced wall shear stress, while in the US case vortices are suppressed despite the increase of wall shear stress.
Analysis using the FIK identity
In order to quantitatively investigate different dynamical effects of UB/US on the friction drag, the local friction coefficient c f is decomposed into four different dynamical components as defined in (2.1). Each component computed from the statistics is shown in figure 10. In the upstream region, some discrepancy is found between c f directly computed from the wall shear (dashed line) and that using (2.1) (black solid line), especially in the UB and US cases. This may be due to the non-zero mean pressure gradient caused by the sudden application of blowing/suction, while the mean pressure gradient is assumed to be zero in the derivation of (2.1): in fact such non-zero pressure gradient is observed in the statistics. In the following, a discussion is made of the downstream (i.e. fully-developed) region where this discrepancy is reasonably small. In spatially developing boundary layers, some terms in the FIK identity act to increase friction drag, while others act reduce it. In the base flow (figure 10a), the contributions from the Reynolds stress (c T ) and the streamwise development (c D ) work to increase friction drag (i.e. c T > 0, c D > 0), while the contribution from the mean convection (c C ) works to reduce it (i.e. c C > 0). In the UB case (figure 10b) all the components except for c δ are increased while keeping their signs. In the US case, in contrast, the mean convection term c C changes to a strong drag augmentation factor and the spatial development term c D works as a weak reduction factor. From these analyses, we can conclude that the mean convection term c C which includes −U V has a very important role in determining whether drag reduction or augmentation occurs by UB/US. This argument is more clearly illustrated by the decomposition of the global friction coefficient C f , i.e.
(4.4) Figure 11 clearly illustrates that in the UB case the negative contribution from the mean convection term C C is greater than the positive contribution of Reynolds stress C T , while in the US case the positive contribution from C C is larger than the decrease in C T .
Control efficiency
The control efficiency is briefly discussed here in terms of the drag reduction rate, R, gain, G, and net energy saving rate, S as introduced in §2.2. These measures can be expanded by using the global skin friction coefficients, as
where C f,nc and C f,ctr denote the friction coefficients of the flow with and without blowing/suction, respectively, and and L ctr is the streamwise length of the computational domain. Note that the driving powers for the flows with control W and without control W 0 are equivalent to C f,ctr L ctr and C f,nc L ctr , respectively. The input power W in for UB/US is computed as
where P w− denotes the mean pressure on the opposite side of the wall where the blowing device is connected. Hereafter, the first term on the right hand side is neglected by assuming no pressure difference between P w and P w− . This is the most optimistic definition.
In figure 12 , G and S computed from the wall shear are shown as an S − G map. The values reported in the previous studies on internal flows are also presented for comparison. As compared to the values in the active control of internal flow, UB gives much higher efficiency. Choi et al. (1994) 's opposition control (computed by Iwamoto et al. (2002) at a different Reynolds number); +, Lee et al. (1998) 's suboptimal control ); ×, temporally-periodic spanwise wall-oscillation (Quadrio & Ricco 2004) ; ♦, streamwise traveling wave (Min et al. 2006) ; , steady streamwise forcing (Xu et al. 2007) ; , spatially-periodic spanwise oscillation (Yakeno et al. 2009 ). Solid markers denote UB in the present simulation: , 1% UB; , 0.5% UB; •, 0.1% UB.
From more practical viewpoint, the pressure difference between P w and P w− should be considered. For example, if we apply this blowing for a high-speed train with an intake placed on the front, the pressure loss in the duct leading to the blowing device may become extremely large (in fact, how supply the air itself is a formidable engineering issue). Therefore, the actual control efficiency should be much less than the ideal value presented here.
Reynolds number effect
While the present study deals with low Reynolds number turbulence, control effect at high Reynolds number should be a crucial concern toward practical applications. The present analysis enables us to make a rough estimation of the Reynolds number effect. As clearly observed above, the Reynolds stress term (c T ) contributes to increase the drag and the mean convection term (c C ) reduces the drag in the blowing case; the stronger effect of the latter eventually leads to the drag reduction. Since these two terms are considered dominant also at high Reynolds number, the ratio of −U V to −u v (i.e. integrands of c C and c T ) should be a good indicator whether the drag reduction effect becomes stronger or weaker. The log-low of wall turbulent flow with uniform blowing/suction is expressed as (Stevenson 1963 
where κ and B are constants. By using this, the ratio of −U V to −u v can be estimated as
This estimate suggests that if the blowing amplitude is constant with respect to the freestream velocity, i.e. V ctr /U ∞ = const., the drag reduction effect is stronger at higher Reynolds number.
Concluding remarks
Direct numerical simulations of a spatially developing boundary layer with uniform blowing (UB) or uniform suction (US) were performed. It was found that UB reduces friction drag and enhances turbulence, while US enhances friction drag and suppress turbulence, similarly to blowing/suction slot and UB and US applied in channel flow previously studied. Quantitative analysis using the FIK identity revealed that the mean convection term works as a drag reduction factor in the uncontrolled spatially developing boundary layer, while the Reynolds shear stress term and the spatial development term work as drag augmentation factors. The mean convection term has a very important role in determining whether drag reduction or drag augmentation occurs by UB/US: the drag reduction in the UB case is attributed to the negative contribution from the mean convection term; likewise, the drag augmentation in the US case is due to the positive contribution from the mean convection term. In fully developing internal flows, the suppression of turbulence is a major strategy to reduce drag, as is mathematically implied by the FIK identity. In spatially developing boundary layers, in contrast, use of the mean convection term is considered as the efficient way of reducing the friction drag, even if it increases turbulence away from the wall.
An order-of-magnitude analysis suggests that the drag reduction effect may be stronger at higher Reynolds number if the blowing amplitude relative to the freestream velocity is fixed. Details in high Reynolds number flows including the effect of very large-scale motion (see e.g. Marusic, Mathis & Hutchins 2010) , however, should be investigated further. There also remains another practical issue: how to get mass for uniform blowing. This issue is highly dependent on the geometrical shape of control target. For an airfoil, for instance, it may be possible to apply suction near the leading edge to suppress the transition and to apply blowing near the trailing edge to reduce the friction of developed turbulence; but it might be more difficult for the object like bullet trains. These practical issues remain open for the future work. which the flow is considered to be fully developed). There are still some difference in the region away from the wall, which might be due to the artificial techniques used in both methods and the difference in the wall-normal extent of the computational domain.
In the present simulation, uniform blowing or suction is switched on in the control part. Although the magnitude of blowing/suction is gradually changed as shown in Fig. 5 , it may affect the upstream flow, too. Therefore, dependency on the position where the blowing/suction starts, x s , has been examined by using 1% uniform blowing/suction. Figure 15 shows the streamwise development of local skin friction coefficient, c f , for different x s . The change of boundary condition is observed to affect c f in the region up to π upstream. In the case of x s = 4π, for instance, c f is found to deviate from the uncontrolled value in the region of x > 3π, but the profile in further upstream region well collapses with the uncontrolled profile. In the downstream region, the development of c f is found to be similar unless the blowing region is too short. Judging from these results, we set x s = 0 in the main simulations, since it is desirable to take the statistically steady region as large as possible. 
